The cell-free media from cultured skin fibroblasts derived from 16 healthy subjects, 13 homozygotes, 6 obligate heterozygotes, and 1 potential heterozygote for cystic fibrosis (CF) were investigated for ciliary dyskinesia factor (CDF) by a modified rabbit tracheal bioassay. Fluid was obtained for study from cultures during growth phase, 24 and 48 hr after feeding, before confluence had been reached. A positive CDF response was demonstrated in the media of all homozygous and heterozygous for CF skin fibroblast cultures, after incubation of the culture fluid with human immunoglobulin G (IgG). No CDF response was observed before the addition of IgG. Although there was a tendency of the cell-free media obtained from the CF homozygous fibroblast cultures to elicit a stronger CDF response than the media from heterozygous cultures, no consistent distinction between homozygous and heterozygous fibroblast cultures could be obtained. The fluid of 15 out of 16 fibroblast cultures derived from normal donors did not demonstrate CDF activity before or after the addition of IgG. The media from cultured amniotic fluid cells obtained from a pregnant woman homozygous for CF and from four pregnancies derived from heterozygous parents demonstrated CDF activity in the presence of IgG. The media of 10 out of 11 control amniotic fluid cell cultures were CDF negative. In the one CDF-positive control culture a positive CDF response was also elicited in the maternal serum. Media from CF fibroblast cultures, to which IgG had been added, lost their CDF activity after treatment with anti-IgG. The culture fluid from confluent fibroblast and amniotic fluid cell cultures of all types of subjects, including control subjects, inhibited the ciliary activity of rabbit tracheal explants without addition of IgG. No CDF activity was observed in the amniotic fluid of a fetus affected with CF. Amicon filtration experiments demonstrated that a molecule with molecular weight between 1,000 and 10,000 produced by CF fibroblast cultures causes ciliary dyskinesia in the presence of IgG. The findings suggest that cultured skin fibroblasts and amniotic fluid cells that carry the CF gene in a homozygous or heterozygous state produce a small molecule, preciliary dyskinesia factor (pre-CDF), which is activated in the presence of IgG, as tested with the rabbit bioassay. It appears that this activation of pre-CDF could be reversed by its removal from the IgG.
Speculation
Cells from all individuals produce a pre-CDF, which is a normal product important for rapid changes in electrolyte flux at the cell membrane. This molecule is normally rapidly inactivated by an appropriate enzyme. The genetic defect in CF is in the reduced activity of this enzyme, which results in abnormalities at the cell membrane because of excess of pre-GDF, and, after activation of pre-CDF to CDF by IgG, in interference with bronchial ciliary function.
Introduction
The finding by Danes and Beam that cultured skin fibroblasts in most homozygotes and heterozygotes for CF show metachromasia [5, 6] suggested that the CF gene affects somatic cells and that the CF genotype may be expressed on the tissue culture level. Shortly thereafter, an increased accumulation of acid mucopolysaccharides was observed in skin fibroblasts from CF patients [11] . Subsequently it was reported by Bartman el al. [1] that cultured skin fibroblasts from patients with CF have an increase in the size and number of lysosomes in parallel with an increase of the amount of the material stored within them. Increased intracellular glycogen [12] and decreased collagen synthesis and collagenolysis [8] have also been described. In spite of the indications that CF may be a lysosomal disorder, several lysosomal hydrolases tested in cultured skin fibroblasts have demonstrated normal enzymatic activity [9, 15] .
At the present time the primary metabolic defect in CF remains unknown. A deficiency of trypsin-like activity in the saliva [13] and kallikrein activity in the plasma [14] of patients with CF has been described, but no significant abnormality has been detected in the bradykinin system of CF patients [10] .
Recently Danes and Beam [7] demonstrated inhibition of the ciliary activity of oyster gill tissues by using the cell-free medium of cultured skin fibroblasts from metachromasia-positive homozygotes and heterozygotes for CF. We have previously detected the presence of a CDF in the cell-free media of short term peripheral leukocyte cultures and long term lymphoid cell lines derived from both homozygotes and heterozygotes for CF [3] . Bowman et al. [2] , by using DEAE-cellulose chromatography identified, in media from fibroblast cultures derived from patients with CF, a chromatographic fraction that inhibits the ciliary activity of oyster gill tissues. Gel filtration of the fraction which contained the ciliary inhibitor separated three protein peaks which corresponded to molecular weights of 140,000-160,000, 20,000, and 13,000 or less, but ciliary inhibitory activity could not be detected in any of these molecular weight species.
The present study describes the production of pre-CDF by cultured skin fibroblasts and cultured amniotic fluid cells derived from individuals which carry the CF gene in a homozygous or a heterozygous state.
Materials and Methods

Skin Fibroblasts, Amniotic Fluid, and Amniotic Fluid Cells
Skin fibroblast cultures were derived from 13 patients with CF, 6 obligate, and 1 potential heterozygote for CF [17] , and 16 normal control subjects. The fibroblasts were cultivated in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 20% fetal calf serum, 1% 200 mM L-glutamine, penicillin, and streptomycin [18] .
Amniotic fluid was obtained by transabdominal amniocentesis between the 15th and 19th week of gestational age. One amniotic fluid (AF-1) was derived from one amniotic sac of a nonidentical twin pregnancy of a 23-year-old CF homozygous mother [19] . Cord sera and cultured cells derived from pieces of both amniotic membranes of this pair of twins who were therapeutically aborted due to respiratory distress in the mother, were also studied. Three other amniotic fluids (AF-2 [20] , AF-3, AF-4 [21] ) were obtained from pregnancies which resulted from the mating of obligate heterozygotes for CF. In a fifth case (AF-5) the husband was an obligate heterozygote for CF and his pregnant wife demonstrated a positive CDF response in both her serum and the culture medium of phytohemagglutinin-stimulated short term peripheral leukocyte cultures, a state consistent with heterozygocity [3, 4] . The sera of five pregnant women with a negative family history for CF were also tested for CDF activity. Serum from clotted cord blood, obtained after the delivery of the fetuses from whom AF-2 and AF-4 were derived were studied for CDF effect. Sweat tests performed on the products of the pregnancies from whom AF-2 and AF-4 were obtained were normal. The fetuses of AF-3 and AF- 5 have not yet been delivered. Eleven amniotic fluid cell cultures obtained from women at risk for a chromosomally abnormal child, and found to carry a normal fetus, were used as control subjects in the study. Amniotic fluid cells were cultured in RPMI 1640 medium supplemented with 30% fetal calf serum, L-glutamine, and antibiotics. Cultures were maintained in 25 cm 2 plastic flasks [22] , at 37°, in 5 CO 2 % in air. Before the study, skin fibroblasts and amniotic fluid cells while still in growth phase, were subcultivated by trypsinization with 0.25% trypsin [18] and cultures were refed with 5 ml medium 24 hr later. The culture medium was removed after 48 hr, before the cells had reached a confluent state (approximately 50-80 cells/optic field, magnification 100 times) and centrifuged at 200 X g for 10 min. The supernatant cell-free medium was tested for CDF activity by the rabbit tracheal bioassay. In certain cases the medium was removed for study after a 24-hr culture. No attempt was made to study the skin fibroblasts for metachromasia. Skin fibroblasts and AF cells used in the study were healthy, actively proliferating cells between the 2nd and 10th passage and maintained in culture for less than 3 months.
The amniotic fluid from a pregnancy, which resulted in an affected child with CF (the cells, obtained at 22 weeks of pregnancy, failed to grow in culture) was also tested for CDF activity.
Bioassay
The cell-free medium of each culture was assessed for cilio-inhibitory properties by a modification [4] of the Spock bioassay system [16] which utilizes ciliated rabbit tracheal explants. The culture media were coded and studied blindly by two observers. Each sample was assayed at least twice and in several instances multiple samples prepared from the same fibroblast strain were studied. The ciliary reaction was observed and recorded at 3 and 6 min. The cilio-inhibitory properties of the culture media were studied originally without the addition of IgG. Subsequently, the same media were tested after the addition of 100 /ig/ml human IgG [23] and incubation at 37° for 15 min. Cell-free media obtained from CF homozygous skin fibroblast cultures were incubated with IgG, as above, and subsequently 0.9 ml media was mixed with 0.1 ml rabbit antiserum to human IgG (concentration of stock solution 4.9 mg/ml) [23] . The mixture was incubated at 37° for 1 hr and subsequently overnight at 4°. Thereafter, the medium was centrifuged and the supernatant was assayed for the presence of cilioinhibitory activity.
Amicon Filtration of Culture Media
Cell-free media from CF skin fibroblast cultures were filtered through UM10 Amicon filters [24] at 4°.
The nitrogen pressure applied for the filtration was 50 psi. Part of the filtrate was tested for CDF activity before and after the addition of IgG and the remainder was filtered through a UM2 Amicon filter. The UM2 filtrate was also tested for CDF effect. The retentates of the UM10 and UM2 filters were resuspended three times in RPMI 1640 medium and were refiltered each time through the same filters. The washed retentates were suspended in the same volume of medium originally used for filtration through each filter and assayed for cilioinhibitory activity with and without IgG.
To 2.8 ml medium of a skin fibroblast culture derived from a patient with CF was added 0.5 ml containing 500 fxg human IgG and the mixture was incubated at 37° for 90 min. This mixture, after being tested for CDF activity, was filtered through a UM10 Amicon filter and the CDF activity of the filtrate was studied before and after the addition of IgG. The retentate was reconstituted to the original volume of 3.3 ml with fresh medium and was also tested for CDF activity. CDF-positive culture media from long term lymphoid lines derived from patients with CF were filtered through UM10 filters and the filtrate was tested for CDF activity before and after the addition of IgG. The retentate was also tested for CDF effect after being reconstituted to the original volume.
Cell-free media from confluent skin fibroblast cultures derived from normal and CF donors were evaluated for CDF activity without IgG and thereafter were subjected to filtration through UM10 filters. The filtrates were also studied for CDF effect without addition of IgG.
Results
Cultured Skin Fibroblasts
All studies were performed on media from cells in growth phase unless otherwise stated. Table I presents the findings of the bioassays performed on the cell-free media of cultured skin fibroblasts. Fifteen out of 16 skin fibroblast cultures derived from normal donors did not demonstrate CDF activity before or after the addition of IgG in the culture medium. In one culture obtained from an apparently normal infant a positive CDF effect was elicited from multiple preparations obtained from various culture flasks. When the serum of the donor of the skin fibroblasts and the sera from both of his parents were studied, a positive CDF response was also observed. A sweat test performed in the 6th month of life demonstrated a normal chloride concentration. The cell-free media obtained from fibroblast cultures from 13 CF homozygotes, 6 obligate heterozygotes, and 1 potential heterozygote demonstrated CDF activity when human IgG was added to the culture medium. The same media were CDF negative before the addition of IgG. The media of 12 CF homozygous skin fibroblast cultures demonstrated a strongly positive CDF response at 6 min and only 1 elicited a weak positive CDF effect at the same time. Of 6 obligate heterozygous for CF cultures studied, 3 demonstrated strongly positive CDF activity and the remaining 3 elicited a weakly positive CDF response.
Media from fibroblast cultures homozygous for CF, which were CDF positive after the addition of IgG and were subsequently treated with rabbit antiserum to human IgG, became CDF negative (in the 6-min bioassay).
The cell-free media from confluent skin fibroblast cultures derived from normal subjects, heterozygotes, and homozygotes from CF always caused ciliary dyskinesia before IgG was added. Table II lists the results of the bioassays carried out on the media of cultured amniotic fluid cells. The cell-free media from 10 out of 11 control amniotic fluid cell cultures did not produce detectable CDF before or after the addition of IgG. However, the culture medium from one control culture elicited a positive CDF effect at 6 min, when IgG was added to the medium. The maternal serum of this case was found to be CDF positive, whereas the paternal serum was CDF negative. The culture medium from AF-1, that was obtained from a pregnant woman affected with CF, in the presence of IgG produced a weakly positive CDF response at 3 min, which developed into a strongly positive CDF response at 6 min. Similarly, the media from AF-2, AF-3, and AF-4 (both parents are obligate heterozygotes for CF) elicited a weakly positive CDF response at 3 min and showed a strongly positive CDF effect at 6 min, when IgG was present in the medium. CDF activity was also detected in the medium from AF-5 (husband obligate heterozygote and wife probably heterozygote for CF) after the addition of IgG. AF-1, AF-2, AF-3, AF-4, and AF-5, when studied during growth phase, were CDF negative before the addition of IgG. The media from the cultured amnion cells with IgG and the cord sera derived from the pair of aborted twins of a CF-affected mother elicited a Table I . 2 Maternal serum was CDF positive. 3 Mother affected with cystic fibrosis (CF). 4 Both parents obligate heterozygotes for CF. 6 Father obligate heterozygote for CF; mother demonstrated CDF activity in her serum and the medium of phytohemagglutinin-stimulated lymphocytes.
Amniotic Fluid and Cultured Amniotic Fluid Cells
positive CDF response. CDF activity was also observed in the cord sera of the fetuses from whom AF-2 and AF-4 were obtained. Media from confluent amniotic fluid cells, control or at risk for CF, always produced a ciliary dyskinesia effect before IgG was added to the samples. The sera from five control pregnant women did not demonstrate CDF activity during a 6 min bioassay. The amniotic fluid from a pregnancy that resulted in a CF-affected child was CDF negative. Cell-free medium UM-10 filtrate UM-10 retentate UM-2 filtrate UM-2 retentate 1 -: no dyskinesia; + : weak dyskinesia; + + : strong dyskinesia; ± : very weak dyskinesia.
Amicon Filtration
The UMIO filtrates of media from CF homozygous skin fibroblast cultures demonstrated no CDF activity, but after the addition of IgG a strongly positive CDF response was elicited during a 3-min bioassay. The filtrates of UM2 filters, after the addition of IgG, produced a weakly positive CDF effect at 6 min. The retentates of the UMIO filters elicited no CDF activity in the presence or absence of IgG. However, the retentates of the UM2 filters produced a strongly positive CDF response at 3 min, when IgG was added. The results of the bioassays performed on the Amicon filtrates and retentates of media obtained from CF skin fibroblast cultures are summarized in Table III .
When a sample of medium from a fibroblast culture from a patient with CF, which demonstrated strong CDF activity with the addition of IgG, was filtered through a UMIO filter after incubation with IgG, the filtrate was found to be CDF negative. This filtrate again became strongly CDF positive after the addition of IgG. The retentate did not demonstrate CDF activity during a 6 min bioassay. Similar results were obtained after UMIO filtration of CDF-positive long term lymphoid line media derived from CF cultures.
The cell-free media of confluent skin fibroblast cultures derived from normal donors always produced ciliary dyskinesia on rabbit tracheal explants. Filtrates of these media passed through UMIO filters demonstrated strongly positive dyskinesia effect in the absence of human IgG.
Discussion
This study suggests that cultured skin fibroblasts derived from homozygotes and heterozygotes for CF produce and release into the culture medium a pre-CDF, which is inactive as tested by the rabbit tracheal bioassay. The pre-CDF is activated by incubation with IgG to produce CDF as demonstrated by the dyskinetic effect on the ciliary beat of rabbit tracheal explants. The activation of pre-CDF by IgG seems to be a reversible phenomenon which depends on the presence of IgG. This is indicated by the observation that no CDF activity could be demonstrated in the UMIO filtrate or retentate of medium treated previously with IgG and derived from a CF skin fibroblast culture, whereas the CDF activity was restored in the filtrate after the addition of IgG. In agreement with this are the findings from the filtration of media derived from CF long term lymphoid lines. The ability to remove CDF by incubation with anti-IgG, however, implies a loose bond between pre-CDF and IgG, which is broken during UMIO filtration.
The demonstration of a CDF effeect in the cell-free media of one each of the control skin fibroblast cultures and control amniotic fluid cell cultures may indicate that the donors of these cultures are heterozygotes for CF. This is supported by the positive CDF response elicited by the serum of both of the parents and the donor of the CDF-positive control skin fibroblast culture, and the CDF activity demonstrated in the serum of the mother of the CDF-positive amniotic fluid control culture. Although there was a tendency for a stronger positive CDF response in the cell-free media of cultured skin fibroblasts derived from homozygotes than from heterozygotes for CF, no reliable distinction between homozygotes and heterozygotes could be achieved.
The data from the cultured amniotic fluid cells confirm that the CF gene can be detected in vitro by studying the cell-free medium for CDF activity. The fetal donor of AF-1 was at least heterozygous for CF regardless of the genetic material inherited from the father, because the mother is a homozygote for CF. In view of negative sweat tests of the children represented by AF-2 and AF-4, these children are probably heterozygotes. Although cord sera in both cases were CDF positive, we cannot be sure that maternal CDF was not responsible. We intend to test sera of these two children at 6 months of age to confirm their heterozygosity of the CF gene. Although we do not yet know the genetic status of the donors of the cells of the AF-3, and AF-5, it is likely that they are homozygotes or heterozygotes for CF. Study of the products of the pregnancies of AF-3 and AF-5 after delivery will give us a more accurate estimation of their genetic status with reference to the CF gene.
It seems that study of the cell-free amniotic fluid for CDF activity cannot be used for the prenatal detection of the CF gene. However, even if a positive CDF response were elicited by an amniotic fluid at risk, its interpretation would be problematic, inasmuch as maternal CDF-active IgG may cross the placenta and circulate in the fetus. It is not known if any or all of the three molecular species identified by Bowman et al. [2] by gel filtration in the ciliary activity-inhibiting chromatographic fractions of media from CF skin fibroblast cultures are the ciliary inhibitor (or inhibitors), because ciliary inhibitory activity could not be detected in the three molecular weight species in the oyster system. Since UM10 Amicon filters retain molecules larger than 10,000 molecular weight, the observation that the filtrates through UM10 contained the pre-CDF indicates that the moleecular weight of the pre-CDF is less than 10,000. In addition, the finding that most of the activity is in the retentate of the UM2 filters, which retain molecules larger than 1,000 molecular weight, suggests that the pre-CDF has a molecular weight between 1,000 and 10,000.
The nature of the molecule produced by confluent fibroblast cultures derived from normal donors, which produces ciliary dyskinesia, remains unknown. It is unlikely to be identical with the pre-CDF, because no IgG is required for the activation of this molecule (or molecules).
It is difficult to speculate why media from fibroblast cultures derived from homozygotes and heterozygotes for CF inhibit the activity of oyster cilia in the absence of IgG [2, 7] , whereas our data indicate that addition of IgG is necessary for the demonstration of CDF activity on rabbit tracheal explants.
The finding that the CF gene can be detected in cultured amniotic fluid cells may become useful for genetic counseling, although the need for a distinction between homozygous and heterozygous fetuses for CF is apparent. The greatest potential usefulness of our findings, however, is for the study of the basis genetic defect and the understanding of the pathophysiology of the disease.
Summary
The cell-free media from skin fibroblasts in growth phase, derived from 13 homozygotes, 1 potential, and 6 obligate heterozygotes for CF, caused ciliary dyskinesia in rabbit tracheal explants in the presence of human IgG. The media from cultured amniotic fluid cells from an obligate carrier of the CF gene fetus and four fetuses at risk for CF also produced ciliary dyskinesia after the addition of IgG. All media from CF homozygous and heterozygous cells were CDF-negative in the absence of human IgG. The culture fluid from 25 of 27 control skin fibroblast cultures and amniotic fluid cells were CDF negative after the addition of IgG. Culture media from confluent skin fibroblasts and amniotic fluid cells, control or CF, always produced ciliary dyskinesia in the absence of IgG. It is suggested that cultured skin fibroblasts and amniotic fluid cells produce a pre-CDF, which is activated by human IgG to produce CDF active on cilitated rabbit tracheal explants. The molecular weight of the pre-CDF molecule is estimated to be between 1,000 and 10,000.
Addendum
Since submission of this paper, the children represented by amniotic fluid cells AF-3 and AF-5 have been delivered. AF-3 is a female with a positive sweat test (96 mEq/liter chloride) and is therefore affected with CF. No meconium ileus was observed, but the child is growing poorly and has frequent bouts of diarrhea. AF-5 is a female with a normal sweat test (46 mEq/liter chloride). The cord serum was positive for CDF and the child is clinically normal.
